Abstract: TiO 2 thin films with high volume fraction (~50-70 %) of CdTe nanoparticles were prepared by radio frequency (rf) magnetron sputtering from a composite TiO 2 :CdTe target. With increase in substrate temperature T s from room temperature (RT ~ 300 K) to 373 K, a transition from an ordered structure exhibiting metallic-type conduction to a disordered structure exhibiting nonmetallic-type conduction was observed for annealed nanocrystalline CdTe:TiO 2 films. The annealed RT-deposited films showed a large coalescence of distinct islands (size ~0.3-0.7 µm) mainly of Cd and CdTe, and as result, a 3D network was realized. For metallic regime films, electrical conduction is essentially due to electrical percolation through Cd/CdTe crystallites embedded in an amorphous TiO 2 matrix. However, the annealed high T s films consisted of noncoalescent, small islands (sizẽ 0.15-0.3 µm) of Cd and CdTe embedded in amorphous TiO 2 matrix. Here, the conduction is essentially by hopping mechanism via thermally activated tunneling.
INTRODUCTION
Nanocomposite films of semiconductors and insulators have been the subject of intensive studies from both fundamental, experimental, and applied interests [1] . CdS, CdSe, and CdTe are among the most studied cases [2] . CdTe, owing to its large exciton Bohr diameter (15 nm), is a strong contender for the future low-dimensional optoelectronic devices [3] . Although the optical properties of nanocomposite films have been studied intensively, the electrical transport properties of these films are not fully understood. Therefore, it is imperative to understand the electron transport process in these low-dimensional structures having different sets of grain size and inter-grain size. Thus, by varying the substrate temperature (T s ) during deposition, a series of films with different grain sizes and inter-grain separations could be obtained. Among the various physical vapor deposition (PVD) techniques for the preparation of CdTe nanocrystalline composites in TiO 2 matrix, rf sputtering has been the most versatile and proven one, since it enables the controlled distribution of nanoparticle size and volume over a wide range [4] . Moreover, using rf magnetron sputtering, the processing at relatively low temperatures can avoid the possible reaction between the matrix and the semiconductor nanoparticles [4] .
The present work reports detailed electrical studies of 0.5 µm rf magnetron co-sputtered nanocrystalline CdTe:TiO 2 composite thin films deposited at low and high T s (RT and 373 K), respec- tively. It was observed that the substrate temperature had a profound effect on the electrical conduction properties of nanocrystalline CdTe:TiO 2 composite thin films. The effect of thermal treatment was also envisaged in order to have a further insight on the electrical transport properties of CdTe:TiO 2 composite thin films. X-ray photoelectron spectroscopic studies were performed on as-deposited and thermally treated nanocrystalline CdTe:TiO 2 composite thin films in order to elucidate the nature of the changes in composition in these films, and the results were correlated with the electrical properties of these films.
EXPERIMENTAL
The CdTe nanocrystallites embedded in TiO 2 matrix were prepared by rf magnetron sputtering from a composite target. The target consisted of a TiO 2 -sintered disc of 2 inches diameter having a CdTe pellet of 10 mm diameter placed at its center. The volume fraction of CdTe in CdTe:TiO 2 composite thin films was systematically increased by increasing the number of CdTe pellets on the target. TiO 2 and CdTe were co-sputtered with an rf power of 240-260 watts in the presence of Ar gas at 0.02 mbar. The deposition of CdTe:TiO 2 composite thin films of thickness ~0.5 µm was done on glass substrates held at 300 K (RT) and 373 K. The thicknesses of the films were measured using quartz crystal thickness monitor. The thermal treatment of CdTe:TiO 2 films was carried out for an hour in the temperature range 250-300°C in a vacuum of 10 -3 torr. The volume fraction of CdTe (V f ) in the films was determined by X-ray photoelectron spectroscopy (XPS) studies. The XPS measurements were performed in an ultrahigh vacuum (UHV) chamber (PHI 1257) with a base pressure of 4 × 10 -10 torr. The sample is mounted on a molybdenum holder mounted on a high-precision manipulator with x, y, z, and θ degrees of freedom. X-ray photoelectron spectrometer consists of MgK α (1253.6 eV) source and a high-resolution spherical capacitor electron energy analyzer (279.4 mm diameter with 25 meV resolution). Scanning electron microscopic studies were carried out on as-deposited and thermally treated CdTe:TiO 2 composite thin films in order to understand their surface morphology. The interplanar distance of the films was determined by X-ray diffraction (XRD) studies using a Siemens D500 diffractometer (CuK α line). DC conductivity measurements in the range (170 < T < 520 K) were carried out in a vacuum of 10 -3 torr. The resistivity in coplanar geometry, using gold film contacts, was measured using a Keithley (617) electrometer.
RESULTS AND DISCUSSION

XPS studies
The stoichiometric and bonding changes in nanocrystalline CdTe:TiO 2 composite thin films prepared at low and high T s (RT and 373 K) with varied volume fraction of CdTe nanoparticles (V f~ 50-70 %) before and after thermal treatment are monitored by core-level XPS studies, and the results are summarized in Table 1 . XPS spectra were obtained after argon sputtering (i.e., only the bulk of the film was considered, and surface-related changes were avoided). All data were corrected for electrostatic charging using the XPS lines of C 1s as internal reference energy. As shown in Fig. 1a (curve a), for low T s (RT) film (V f~ 65 %), the presence of Cd 3d 5/2 peak at 405.3 eV indicates that Cd exists either in metallic form (i.e., unreacted Cd) or in CdTe form [5] . Similarly, from Fig. 1b (curve a), the Te peak position at 572.8 eV represents Te either in free state (i.e., unreacted or bonded with Cd) that is, in CdTe form [5] . For as-deposited high T s (373 K) film, the presence of Cd 3d 5/2 peak at 404.8 eV indicates that Cd still exists either in metallic form or in CdTe form (Fig. 2a , curve a). From Fig. 2b (curve a), the Te 3d 5/2 peak at 572.0 eV indicates the presence of CdTe band. As shown in Table 1 , both low (RT) and high (373 K) T s deposited films are found to be cadmium-rich, which may be due to the higher vapor pressure of Cd as compared to Te during film formation. Upon thermal treatment for low T s (RT) film (V f~ 65 %), the peak position of Cd 3d 2 and TeO 3 , respectively [6] . Although for both low and high T s deposited films, no evidence of the splitting of the Cd 3d doublet was found upon thermal treatment, however, the Te 3d binding energies deviate considerably. As shown Upon thermal treatment, there is a significant reduction in Te peak intensity (Fig. 1b, curve b) . Here, the peak at 572.3 eV corresponds to Te in the form of CdTe, while the peak at 575.5 eV corresponds to Te oxidized to TeO 2 [5] . Similarly, for high T s (373 K) film, upon thermal treatment, the presence of Te peak positions at 577.3 and 580.5 eV shows the formation of tellurium oxide, in particular TeO 3 , and there is an appreciable reduction in Te peak intensity (Fig. 2b, curve b) . The lack of Te peak at 573.5 eV corresponding to unoxidized Te [i.e., Te°for both low (RT) and high (373 K) T s deposited films] is also a testimony to the presence of significant oxides on the surface, although the effect is felt more on the high T s (373 K) film than on the low T s (RT) film. The splitting of the Te 3d 5/2 and Te 3d 3/2 peaks indicate that Te atoms are in two different chemical environments (Te-Cd and Te-O). However, the component corresponding to the Cd-Te environment decreases drastically for thermally treated film as compared to as-deposited film (Figs. 1b and 2b , curves a and b), suggesting that CdTe bonds break upon thermal treatment. From Table 1 , for as-deposited film (T s = RT and 373 K), the low titanium concentration (~6 and 3 at % respectively) obtained is expected for TiO 2 thin films having high volume fraction (V f~ 50-70 %) of CdTe nanoparticles. It may also be attributed to a masking of the TiO 2 or Ti intensity by a layer of surface species that is thicker than the effective photoelectron escape depth for the Ti 2p electrons. This effect would be more prominent after thermal treatment, and, hence, lack of any Ti XPS signal for both low (RT) and high (373 K) T s deposited films after thermal treatment can be explained (Table 1) .
As shown in Table 1 , upon thermal treatment for low and high T s (RT and 373 K) deposited films, an increase in concentration of O and substantial decrease in concentration of Te was observed. However, Cd concentration increases for both low and high T s (RT and 373 K) films upon thermal treatment. Thus, it appears that thermal treatment has caused the breaking of CdTe bonds and possibly the depletion of free Te from the film either in the form of TeO 2 or its loss into the bulk of the film. Upon thermal treatment, Cd and Te are removed from the surface with different rates, depending upon the sublimation and evaporation properties of these two elements. Moreover, low and high T s (RT and 373 K) films has a surface composition with Cd in excess, and this, coupled with CdTe breaking upon thermal treatment with reduction in free Te from the film, leaves the film surface rich in metallic Cd. This is further evident from the increase in Cd/Te ratio upon thermal treatment for both low and high T s films, respectively (Table 1 ). This increment is mainly due to the loss of Te and increment in Cd during the thermal treatment process ( Table 1) .
The results for the presence of excess of Cd on the surface for thermally treated films corresponding to low and high T s (RT and 373 K) films are in sharp contrast to the reported values where Te precipitates are usually found in CdTe crystals [7] . However, thermal treatment for both low and high T s (RT and 373 K) films, since no splitting of the Cd 3d doublet was found, indicates that only Cd (element Cd or Cd from CdTe) is present on the surface and neither CdO nor CdTeO 3 is formed after thermal treatment. The presence of Te-related oxides and higher concentration of O (at %) for high T s (373 K) films upon thermal treatment as compared to corresponding low T s (RT) films clearly indicates that high T s films are prone to oxidation. TeO 2 has a higher Gibbs free energy of formation (-64.6 K cal/mol) than CdO (-54.6 K cal/mol) [8] . Thus, the CdTe film exposed to the air prefers the formation of TeO 2 over CdO. As the surface tellurium is often susceptible to oxidation, it is, therefore, desirable to restrict the oxidation reaction to within a few monolayers of the surface, since TeO 2 is highly resistive [8] .
Surface morphological studies
From our earlier studies [9] , it has been observed that pure TiO 2 films are amorphous when grown either at RT or 373 K under conditions employed for the formation of CdTe:TiO 2 composite thin films. However, when CdTe and TiO 2 are co-sputtered under similar conditions, then CdTe nanoparticles embedded in amorphous TiO 2 matrix are formed. The SEM micrographs for thermally treated CdTe:TiO 2 composite thin films deposited at RT (300 K) and 373 K having high V f of CdTe nanoparticles are shown in Fig. 3 . As shown in Fig. 3a , for low T s (RT) films, the microstructure precipitation of CdTe along with large-scale coalescence of Cd/CdTe islands of size ~0.3-0.7 µm is observed. Upon thermal treatment, owing to increment in metallic Cd and decrease in Te as revealed from XPS studies, the islands formed could be assigned mainly to Cd or CdTe rather than to CdO or Te. It is difficult to determine the size of the individual particles since the particles are clustered together and are highly agglomerated.
For thermally treated CdTe:TiO 2 films deposited at high T s (373 K), since the miscibility of CdTe and TiO 2 is quite high, features of TiO 2 heavily modulated the micrograph, and it lacks the presence of distinct islands as in low T s (RT) films but instead shows noncoalescent islands of Cd/CdTe of size ~0.15-0.3 µm (Fig. 3b) . During sputtering, the TiO 2 vapor flux is substantially higher than that of CdTe, which ensures full passivation of the surface of the CdTe nanocrystals by TiO 2 . Thus, increase in T s (from RT to 373 K) increases the nucleation density of the crystals rather than the growth of already nucleated ones (Figs. 3a and 3b) . However, for low T s (RT) films, coalescence of these islands results in a continuous structure, whereas for high T s (373 K) films, owing to the formation of a large number of isolated islands of smaller dimensions, discontinuous and disordered structure is obtained.
Thus, it can be said with some certainty that the defect concentration in a film coalesced from many small islands (T s = 373 K) is much higher than that of a film that has grown from only a few large islands (T s = RT).
X-ray diffraction studies
From X-ray diffraction measurements, the as-deposited CdTe:TiO 2 films corresponding to T s = RT and 373 K, are found to be mainly amorphous in nature. However, few crystalline features are realized for these films after thermal treatment. Table 2 summarizes the interplanar distance of nanocrystalline CdTe:TiO 2 films for both as-deposited and after thermal treatment. From Table 2 , it is evident that interplanar distance of films deposited at high T s (373 K) are considerably larger than the corresponding low T s (RT) deposited films as a result of higher oxygen incorporation in high T s films (Table 1) , and this effect is felt more for films after thermal treatment. In the case of high T s films, oxygen atoms can incorporate interstitially into the CdTe lattice, which can result in structural disorder and expansion of the interplanar distances as compared to low T s deposited films. Since an oxygen atom has a covalent bond and ionic radii smaller than that of Cd and Te atoms, even a low oxygen incorporation within CdTe lattice could result in a strong lattice deformation.
Electrical studies
The temperature dependence of the electrical conductivity of TiO 2 films with varied V f of CdTe nanocrystals deposited at low T s (RT) is shown in Fig. 4a . It is observed that as the V f is increased from 54 to 65 %, the RT conductivity of CdTe:TiO 2 films increases merely by a factor of 3.7 from 1.28 × 10 -8 S cm -1 to 4.7 × 10 -8 S cm -1 (Fig. 4, curve a) (373 K) deposited films, increment in RT conductivity merely by a factor of ~4.0 from 1.68 × 10 -9 S cm -1 to 6.52 × 10 -9 S cm -1 upon increasing V f from 59 to 71 % could be observed (Fig. 4, curve b) . With the increase in V f of semiconductor nanoparticles and decrease in intercrystallite spacing, the increase in conductivity should be expected on this basis. From Fig. 4 , the conductivity is found to increase with the increase in temperature and followed the Arrehenius relation until a particular threshold temperature T f . In the region (T < T f ), the dc activation energy (E a ) for the high-density films (V f~ 54 and 65 %) deposited at low T s (RT) are 0.83 eV and 0.77 eV and for the corresponding films at high T s (373 K), the E a values are 0.81 eV and 0.72 eV, respectively. As the temperature is increased beyond T f , the conductivity increases rapidly and irreversibly to values 4.21 × 10 -1 S cm -1 and 3.58 S cm -1 corresponding to V f~ 54 and 65 % for low T s (RT) deposited CdTe:TiO 2 composite thin films (Fig. 4a) .
Similarly, for the corresponding films deposited at high T s (373 K), beyond T f , a rapid and irreversible increase in conductivity to values 1.8 × 10 -2 S cm -1 and 2.62 × 10 -1 S cm -1 is observed (Fig. 4b) . CdTe nanocomposite films in the high conductivity state are cooled. It is found that their conductivity remains high. It is clear that these films have undergone some thermally induced change that has resulted in irreversible changes in electrical conductivity. Repeated measurement of the thermally transformed samples has yielded the same results. Figure 5 shows the temperature dependence of the electrical conductivity of the low T s (RT) deposited films after the transformation. As evident from (Fig. 5a, curves a and b) . The activation energy for conduction of transformed films is between 4.5 and 5.0 meV, respectively. As evident from Fig. 5a , low T s (RT) deposited films exhibited positive temperature coefficient of resistance (+ve TCR). However, for high T s (373 K) films, the conductivity of the transformed films is found to vary exponentially with the inverse of temperature, suggesting that the conduction mechanism is thermally activated (Fig. 5b) . Here, the RT conductivity values are ~1.8 × 10 -2 and 2.6 × 10 -1 S cm -1 corresponding to V f~ 59 and 71 %, respectively (Fig. 5b, curves a and b) . These films exhibited negative temperature coefficient of resistance (-ve TCR). As these films are rich in O concentration (Table 1) , small grains are surrounded by thin insulating oxide layer, which electrically insulates the grains from each other. Thus, the transfer of charge now requires activation, and this leads to negative TCR. For low T s (RT) deposited films, thermally induced coalescence of the CdTe/Cd islands of larger size results in a connected network structure. As the inter-island distance is small, electrical conduction by percolation is favored. Moreover, segregation of metallic Cd at the surface of low T s (RT) films as observed from XPS studies could also be responsible for metallic-type conduction exhibited by these films upon thermal treatment (Fig. 5) . Our results for films with high V f of semiconductor nanoparticles are in accordance with earlier work, where decrease in the resistivity of CdS films on annealing between 300-450 ºC was reported [10] . It was attributed to the conducting phase of CdO and Cd in the film [10] . However, in our films, the possible formation of CdO can be ruled out, and it is mainly the presence of Cd or CdTe phases that are responsible for increment in conductivity values upon thermal treatment.
The temperature T f at which this transformation is observed is dependent on density of CdTe crystallites V f in insulating TiO 2 matrix, and even the growth temperature affects this threshold. It is observed that T f of films decreases with increase in V f of the CdTe nanoparticles and films deposited at high T s (373 K) exhibited higher transformation temperature as compared to the corresponding low T s (RT) films. For high T s (373 K) films, owing to the lack of formation of a proper CdTe nanocrystal network as evident from SEM studies, the transformation temperature T f is high. However, for low T s (RT) films upon thermal treatment, owing to coalescence of islands, the CdTe nanocrystallites form a connected network structure so that the charge carriers can percolate directly through connected CdTe or Cd grains, and it exhibits metallic behavior and, hence, low T f .
To elucidate further the effect of the presence of the high V f of CdTe nanocrystals on the conduction behavior of the TiO 2 thin films, σ vs. T -1/2 studies in the temperature range of 180 K < T < 350 K were undertaken. Figure 6 shows the σ vs. T -1/2 plot for the transformed high V f (50-70 %) deposited
